The volatiles emitted by agar plate cultures of the xylarialean fungus Hypoxylon invadens were investigated by use of a closed loop stripping apparatus in combination with GC-MS. Several aromatic compounds were found that could only be identified by comparison to all possible constitutional isomers with different ring substitution patterns. For the set of identified compounds a plausible biosynthetic scheme was suggested that gives further support for the assigned structures.
Introduction
The research during the past decades has shown that many fungi release a rich bouquet of volatile organic compounds [1] . Some of these metabolites contribute to the pleasant aroma of edible mushrooms, e.g., the widespread compound oct-1-en-3-ol (1) is responsible for the typical odour of the button mushroom, Agaricus bisporus, and other delicacies from the fungal world such as the oyster mushroom, the penny bun, and shiitake [2, 3] . The ecological function of most fungal volatiles is unknown, but for the alcohol 1 ( Figure 1 ) a germination inhibitory function has been reported [4] . For 6-pentyl-2H-pyran-2-one (2), another widespread fungal volatile, a plant growth promoting effect and an induction of systemic resistance in plants against fungi was observed [5] . The significant biological effects of these and other fungal volatiles recently resulted in a considerable interest of natural product chemists and ecologists in volatile secondary metabolites.
Volatile natural products can efficiently be captured on charcoal filter traps by using a closed-loop stripping apparatus (CLSA) [6] or on polydimethylsiloxane fibres by application of the solid phase micro-extraction method (SPME) [7] , followed by GC-MS analysis of the obtained extracts [8] . Compound identification is then usually performed by comparison of measured mass spectra to mass spectra in electronic libraries, in addition to comparison of measured to published retention indices. Positive compound identification can be assumed, if the mass spectrum and the retention index match reported data. The comparison of retention indices is particularly important, if dif- Structures of the widespread fungal volatiles oct-1-en-3-ol (1) and 6-pentyl-2H-pyran-2-one (2), the stereoisomers α-muurolene (3), α-amorphene (4) and α-cadinene (5) , and the chlorinated aromatic compounds 1-chloro-3,4-dimethoxybenzene (6) and 1,3-dichloro-4,5-dimethoxybenzene (7) from Geniculosporium.
ferent stereoisomers need to be considered, because stereoisomers may have very similar mass spectra, as observed for the sesquiterpenes α-muurolene (3), α-amorphene (4), and α-cadinene (5). The same problem applies to the unambiguous identification of regioisomers of aromatic compounds. We have recently reported on the GC-MS-based identification of the fungal volatiles 1-chloro-3,4-dimethoxybenzene (6) and 1,3-dichloro-4,5-dimethoxybenzene (7) from an endophytic Geniculosporium sp. by comparison of the natural products to all possible regioisomers that were obtained by chemical synthesis [9] . Here we report on the identification of the volatiles emitted by the xylarialean fungus Hypoxylon invadens MUCL 54175, a highly interesting pyrenomycete that was recently described as a new species [10] . This species is apparently rare and has hitherto only been found twice in Southwestern France, colonising the stromata (fruiting bodies) of another species of the same genus, the ubiquitous Hypoxylon fragiforme. The genus Hypoxylon was traditionally accommodated in the family Xylariaceae, but has recently been reassigned to the Hypoxylaceae. This family was resurrected as a result of intensive polyphasic studies on the biological and chemical diversity of the ascomycete order Xylariales, which is well-known for its diversity of bioactive secondary metabolites [11, 12] .
We decided to select a culture initiated from the germinating ascospores of H. invadens among a panel of hypoxylaceous fungi that were studied for comparison of their volatile profiles [13] . Several aromatic compounds were detected in the headspace extracts of Hypoxylon invadens MUCL 54175 for which an unambiguous GC-MS-based structural assignment was only possible by comparison to all regioisomers with different substitution patterns at the benzene ring. 
Results and Discussion
The volatiles released by agar plate cultures of Hypoxylon invadens MUCL 54175 were collected through the CLSA headspace method and the obtained headspace extracts were analysed by GC-MS. The gas chromatogram of a representative extract is shown in Figure 2 . Several volatiles could immediately be identified based on their mass spectra and retention indices (Table 1 and Figure 3 ), including the major compounds benzaldehyde (8) and 2-phenylethanol (10) , and the trace components acetophenone (9), terpinen-4-ol (13) , and indole (16) . For several other compounds in the headspace extract close hits for highly substituted aromatic compounds were found in our mass spectral libraries, but the mass spectra and retention indices for some of these compounds also showed some differences. Furthermore, the structures of regioisomers with differ- ent substitution patterns at the aromatic ring could not be excluded, because the mass spectra and retention indices were not available for all these compounds.
The mass spectrum of one of these compounds (11, Figure 4A ) suggested the structure of a dimethylphenol, but the mass spectra of several regioisomers in our database proved to be nearly identical. The measured retention index (I = 1152) matched with a published retention index for 2,5-dimethylphenol (I = 1151) [15] , but retention indices were not available for all the possible molecules. Six constitutional isomers with different substitution patterns at the aromatic ring exist for dimethylphenol that were all commercially available. A direct comparison by GC-MS unequivocally established the identity of 11 and 2,5-dimethylphenol by identical retention index and best matching mass spectrum ( Table 2 ).
The mass spectrum of the second compound 12 ( Figure 4B ) was very similar to the mass spectra of several regioisomers of hydroxy-methylbenzaldehydes included in our libraries, but retention indices for the complete set of regioisomers were not available from the literature. Also in this case all ten constitutional isomers of hydroxy-methylbenzaldehyde were commercially available and a comparison of the headspace constituent from H. invadens to all these compounds by GC-MS allowed for the unambiguous identification of 12 as 2-hydroxy-4-methylbenzaldehyde (Table 3 ). The best MS match was obtained for 2-hydroxy-6-methylbenzaldehyde (MS match: 904), (18), and G) 5-hydroxy-2-methyl-4H-chromen-4-one (19) .
but the mass spectrum of 2-hydroxy-4-methylbenzaldehyde produced a match that was nearly as good (MS match: 902), and the structure of 2-hydroxy-6-methylbenzaldehyde could clearly be excluded by a different retention index.
The main compound 15 released by H. invadens exhibited a mass spectrum that pointed to the structure of a dimethoxytoluene ( Figure 4C ), but again the mass spectra of various different regioisomers in our mass spectral libraries were too simi- a MS match of the mass spectrum of the natural product from H. invadens in comparison to the mass spectrum of the tabulated compound (a value of 1000 would indicate identical mass spectra, positive compound identification can usually be assumed for a value >900). a MS match of the mass spectrum of the natural product from H. invadens in comparison to the mass spectrum of the tabulated compound (a value of 1000 would indicate identical mass spectra, positive compound identification can usually be assumed for a value >900). lar to distinguish between the possibilities and retention indices were not available for all cases. All six constitutional isomers were obtained from commercial suppliers and compared to the natural product, establishing the identity of 15 and 3,4-dimethoxytoluene, for which an identical retention index and the best MS match was determined (Table 4) .
Similarly, the mass spectrum of compound 17 hinted to the structure of a methoxy-methylbenzaldehyde isomer ( Figure 4D ), for which like for the hydroxy-methylbenzaldehydes ten different constitutional isomers are possible. For an unambiguous structural assignment all ten commercially obtained hydroxy-methylbenzaldehydes were converted into the corresponding methoxy derivatives by methylation with potassium carbonate and methyl iodide. The GC-MS analysis of all the obtained methylation products unequivocally established the identity of 17 and 2-methoxy-4-methylbenzaldehyde by the same retention index and best matching mass spectrum (Table 5) .
Notably, a common biosynthesis for all the identified aromatic compounds can be assumed that further strengthens their structure elucidations (Scheme 1). Starting from 11, an oxidation step at the 2-methyl group (red) could lead via the benzyl alcohol derivative to the corresponding aldehyde 12 that upon O-methylation (green), likely with S-adenosylmethionine, would result in 17. The alternative oxidation of 12 by a Baeyer-Villiger monooxygenase could result in the insertion of an oxygen (blue) to yield the formate ester 21, followed by ester hydrolysis to 4-methylcatechol (22) . Two sequential O-methylations (green) could give rise to 15 via the hypothetical intermediate 2-methoxy-5-methylphenol (14) . These thoughts prompted us to search for missing biosynthetic links in the headspace extracts of Hypoxylon invadens. Indeed, a trace compound with a mass spectrum that could fit to the structure of 14 was observed ( Figure 4E ). This compound exhibited the same retention index and mass spectrum as a commercially available standard of 2-methoxy-5-methylphenol. Unfortunately, not all the constitutional isomers with different ring substitution patterns a MS match of the mass spectrum of the natural product from H. invadens in comparison to the mass spectrum of the tabulated compound (a value of 1000 would indicate identical mass spectra, positive compound identification can usually be assumed for a value >900). a MS match of the mass spectrum of the natural product from H. invadens in comparison to the mass spectrum of the tabulated compound (a value of 1000 would indicate identical mass spectra, positive compound identification can usually be assumed for a value >900).
were available from standard suppliers of fine chemicals and thus the structure of another regioisomer cannot fully be excluded for 14, but the closure of the biosynthetic gap by 2-methoxy-5-methylphenol intriguingly favours this structural assigment for 14. The alternative structure of 2-methoxy-4-methylphenol that would be an intermediate if the methylations would proceed by a reverse order of steps was excluded for the detected compound, because the mass spectrum of 2-methoxy-4-methylphenol was included in our libraries and showed significant differences.
The compound 5-hydroxy-2-methylchroman-4-one (18), one of the major constituents in the H. invadens headspace extracts, has been reported before from various ascomycetes, especially from the genus Daldinia and other endophytic fungi [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . It did, however, not constitute a major metabolite during the screening of numerous other species of Hypoxylon and the related Annulohypoxylon using HPLC/DAD-MS detection of organic extracts from standardised submerged cultures [26] .
Another of the trace components (19) displayed a molecular ion that was reduced by 2 Da in comparison to the molecular ion of 18 (compare Figure 4F and 4G) , and the mass spectrum of this compound was highly similar to a mass spectrum of 5-hydroxy-2-methyl-4H-chromen-4-one in our mass spectral library. A synthetic standard of this compound was obtained via a known procedure from 2,6-dihydroxyacetophenone (23) and acetyl chloride under basic conditions [27] , with formation of 3-acetyl-5-hydroxy-2-methyl-4H-chromen-4-one (24) as the main product (Scheme 2). The synthetic 5-hydroxy-2-methyl-Scheme 1: Proposed common biosynthetic pathway to volatile aromatic compounds from Hypoxylon invadens.
Scheme 2: Synthesis of 5-hydroxy-2-methyl-4H-chromen-4-one (19).
4H-chromen-4-one proved to be identical to natural 19 in terms of its gas chromatographic behaviour and mass spectrum. Compound 19 has also been reported from other fungi before [18, 21, 26, 28, 29] . Finally, 1,8-dimethoxynaphthalene (20) was tentatively identified from its mass spectrum. This compound is known from another endophytic Hypoxylon sp. that was isolated from the Formosan plant Litsea akoensis var. chitouchiaoensis [30] , and was previously reported from the fungi Nodulisporium sp. [18, 28] , Sporothrix sp. [31] , and Leptographium wageneri [32] . The compound comprises the bis-methylation product of 1,8-dihydroxynaphthalene, an important precursor of melanin-type pigments in fungi [33] , while 20 has been reported to inhibit melanin biosynthesis in fungi [34] .
Conclusion
The genus Hypoxylon has already been examined extensively for secondary metabolite production, and some of its species like H. pulicicidum and H. rickii are extremely creative with respect to the production of non-volatile compounds [35] [36] [37] . The current study is the first to embark on the volatiles from a fungus that was assigned with certainty to this genus. A few other recent papers were dealing with volatile secondary metabolites from endophytic isolates, but these were only tentatively assigned to the genus Hypoxylon, on the basis of generation of internal transcribed spacer (ITS) DNA sequences and homology comparisons [38] [39] [40] . In fact, the ITS is not regarded species-or even genus-specific in Xylariales and the phylogenies based on this DNA locus have led to rather ambiguous results. It should be interesting to find out in the future which other species of Hypoxylon produce the volatiles that were detected here in the apparently rare and aberrant species H. invadens. This fungus represents one of a few cases of mycophilic Xylariales that parasitise related species [10] , whereas the vast majority of the species in this order are known to be saprotrophs with an endophytic state in their life cycle. A respective study embarking on the chemotaxonomic significance of the detected volatiles, paired with the evaluation of the biological activities of these metabolites, appears very promising to complement our knowledge on the functional diversity of the secondary metabolome of the Hypoxylaceae and other Xylariales.
Experimental Strain and culture conditions
Hypoxylon invadens MUCL 54175 was isolated from the ascospores of the holotype specimen using the methodology described by Kuhnert et al. [41] and grown under identical conditions on YMG medium as described by Pažoutová et al. [13] .
Analysis of volatiles
The volatiles released by H. invadens agar plate cultures were collected using a closed-loop stripping apparatus (CLSA) [6] for 16 to 24 hours at room temperature and under circadian light-dark rhythm. The CLSA charcoal filters were extracted with HPLC grade CH 2 Cl 2 (50 μL) and the obtained extracts were immediately analysed by GC-MS. 
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Preparation of methoxy-methylbenzaldehydes
To a solution of the hydroxy-methylbenzaldehyde (34 mg, 0.25 mmol) in anhydrous DMF (6.0 mL), K 2 CO 3 (35 mg, 0.25 mmol) was added and the mixture was stirred at room temperature for 30 minutes. Then, methyl iodide (30 μL, 68 mg, 0.5 mmol) was added and the reaction was stirred at room temperature overnight. The reaction was quenched by the addition of distilled water, and the aqueous phase was extracted three times with ethyl acetate. The combined organic phases were dried with MgSO 4 and concentrated in vacuo. The residue was purified by column chromatography on silica gel. Synthesis of 5-hydroxy-2-methyl-4H-chromen-4-one (19) According to Okombi et al. [27] , potassium carbonate (1.38 g, 10.0 mmol) was added to a solution of 2,6-dihydroxyacetophenone (23, 304 mg, 2.0 mmol) in acetone (10 mL), and the mixture was stirred at room temperature for 15 minutes. Then, acetyl chloride (157 mg, 2.0 mmol) was added and stirring was continued under reflux for 24 hours. The reaction was cooled to room temperature and hydrolysed by the addition of distilled water. The aqueous layer was extracted three times with diethyl ether. The collected organic phases were dried over MgSO 4 and concentrated in vacuo. The residue was purified by column chromatography on silica gel to afford the title compound 19 (37 mg, 0.21 mmol, 11%) and 3-acetyl-5-hydroxy-2-methyl-4H-chromen-4-one (24) as main product (154 mg, 0.71 mmol, 35%). Both compounds were obtained as pale yellow solid. 
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